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ABSTRACT 

This letter reports on a set of full-Stokes spectropolarimetric observations in the near infrared Hei 
10830 A spectral region covering the pre-, flare, and post-flare phases of an M3.2 class solar flare. 
The flare originated on 2013 May 17 and belonged to active region NOAA 11748. We detected strong 
He I 10830 A emission in the flare. The red component of the He I triplet peaks at an intensity ratio 
to the continuum of about 1.86. During the flare, Hei Stokes V is substantially larger and appears 
reversed compared to the usually larger Si I Stokes V profile. The photospheric Si I inversions of the 
four Stokes profiles reveal the following: (1) the magnetic field strength in the photosphere decreases or 
is even absent during the flare phase, as compared to the pre-flare phase. However, this decrease is not 
permanent. After the flare the magnetic field recovers its pre-flare configuration in a short time (i.e., in 
30 minutes after the flare). (2) In the photosphere, the line-of-sight velocities show a regular granular 
up- and down-flow pattern before the flare erupts. During the flare, upflows (blueshifts) dominate 
the area where the flare is produced. Evaporation rates of ~ 10~ 3 and ~ 10~ 4 gcm _2 s _1 have 
been derived in the deep and high photosphere, respectively, capable of increasing the chromospheric 
density by a factor of two in about 400 seconds. 

Keywords: Sun: chromosphere — Sun: flares — Sun: magnetic fields — Sun: photosphere — tech¬ 
niques: polarimetric 


1. INTRODUCTION 

Understanding the magnetic field configuration in dy¬ 
namic solar events such as flares is an unsolved problem 
of solar physics. Flares are hard-to-predict events and are 
the result of a global change in the magnetic field topol¬ 
ogy. These changes mainly happen in the chromosphere 
and corona. Therefore, full-Stokes polarimetric observa¬ 
tions of flares, especially including the chromosphere, are 
essential. They are, however, challenging. Many previ¬ 
ous studies have focused on the photospheric magnetic 
field underneath flare events. For instance, variations of 
the longitudinal magnetic field of the order of ~ 100 G 
were observed by Kosovichev & Zharkova (1999), and up 
to almost 300 G by Sudol & Harvey (2005) below X- 
class flares. An enhancement of 400 G in the magnetic 
field strength was also detected by Kondrashova (2013) 
during the onset of a microflare. 

It seems clear that changes happen in the photospheric 
magnetic field during flares. However, it is controversial 
whether these variations are either associated with an in¬ 
crease or a decrease of the magnetic field strength. Petrie 
& Sudol (2010) studied the photospheric magnetic field in 
77 M- or X-class flares. Both, an increase and decrease of 
the magnetic field was detected in different flares. These 
authors found absolute changes of up to ~ 450 G in the 
longitudinal magnetic field and linked an increase of mag¬ 
netic field strength to the presence of larger horizontal 
fields, as observed in their work concerning flares near 
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the limb. In agreement with this, Hudson et al. (2008) 
also predicted changes leading to more horizontal fields. 
Recently, Wang et al. (2012) obtained first evidence of a 
rapidly increasing horizontal magnetic field of ~ 500 G 
along the polarity inversion line (PIL) in only 30 minutes 
(starting at the beginning of the flare). The authors con¬ 
jecture that reconnection processes after the flare could 
trigger the formation of low-lying horizontal fields. 

Here, we report on a set of full-Stokes spectropolari¬ 
metric observations in the near infrared in a spectral in¬ 
terval covering the photospheric Si I 10827 A line and 
the chromospheric He I 10830 A triplet. Using a scan¬ 
ning spectrograph, several maps of an active region were 
obtained before, during and after the development of an 
M3.2 flare, making it possible to derive the magnetic and 
dynamical disturbances at photospheric layers. Interest¬ 
ingly, some studies on flares have recently been published 
using data obtained in the same spectral region (e.g., 
Akimov et al. 2014; Judge et al. 2014; Sasso et al. 2014; 
Zeng et al. 2014). With a data set with similar charac¬ 
teristics, Judge et al. (2014) concentrated their study on 
the seismic implications of the flare. These authors de¬ 
rived an increase of the photospheric magnetic field when 
comparing the maps before and after the flare. Unfor¬ 
tunately, they did not analyze the photospheric Stokes 
spectra of their map taken during the flare. Sasso et al. 
(2014) performed one scan of an active region after the 
onset of a flare and measured the Stokes profiles of the 
Si I 10827 A line and of the He I 10830 A triplet, deriving 
the magnetic structure of a filament present in the active 
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region. Other works (e.g., Akimov et al. 2014; Zeng et 
al. 2014) only used either He I 10830 A chromospheric 
filtergrams or intensity spectra. In this paper, we com¬ 
plement previous studies by analyzing the photospheric 
magnetic and dynamic changes in the emission region 
before, during and after the flare. 

2. OBSERVATIONS 

Observations of the active region (AR) NOAA 11748 
were carried out at the Vacuum Tower Telescope (VTT, 
Tenerife, von der Liihe 1998) on 2013 May 17. The setup 
included the Tenerife Infrared Polarimeter (TIP-II; Col¬ 
lados et al. 2007) for full Stokes spectropolarimetry in 
the He I 10830 A spectral region. 

NOAA 11748 sharply increased its activity towards 
2013 May 13, when 14 flares, classes between C and 
X, occurred. The number of flares and their activity 
gradually decreased in the next days. However, a strong 
M3.2 class flare was observed on 2013 May 17 while we 
were scanning with the slit along the PIL at coordinates 
(N 11°, E 36°). The flare started at 8:43 UT, peaked at 
around 8:57 UT, and ended at 9:19 UT. The first spatial 
scan was carried out between 7:48 - 8:36 UT (pre-flare 
phase), the second one between 8:36 9:06 UT (flare 

phase), and the third one between 9:06 - 9:37 UT (post- 
flare phase), thus covering the whole flare activation and 
relaxation process. An additional scan of the same area 
was performed immediately after the third scan, between 
9:38 - 10:08 UT. 

The exposure time per slit position was 10 s and the 
scanning step 0'.'35. The pixel size along the slit was 
0'/17. The Kiepenheuer-Institute Adaptive Optics Sys¬ 
tem (KAOS; Berkefeld et al. 2010) was locked on pho¬ 
tospheric high-contrast structures, like pores and small 
penumbrae, and was crucial to improve the fair-quality 
seeing conditions. The observed spectral range with TIP- 
II spanned from 10824 to 10835 A, with a spectral sam¬ 
pling of ~ 11.1 mApx -1 . This spectral region comprises 
the photospheric Si 1 10827 A line, the chromospheric He I 
10830 A triplet, and two telluric lines. 

3. DATA ANALYSIS 

Dark current, flat-field corrections and the standard 
polarimetric calibration for the TIP-II instrument were 
carried out (Collados 1999, 2003). The continuum was 
corrected for varying intensity due to changing air mass 
and center-to-limb variations at different positions on the 
solar disk while performing the scans. This was per¬ 
formed by second-order least-square polynomial fits and 
averages over quiet-Sun areas on the maps. All pixels 
along the slit within one scan step were then normalized 
to their corresponding continuum value. Wavelength cal¬ 
ibration is based on the two nearby telluric lines following 
the procedure described in Appendices A and B of Kuck¬ 
ein et al. (2012b), which compares the wavelength sepa¬ 
ration between telluric lines in a quiet-Sun area with the 
Fourier Transform Spectrometer spectrum (FTS; Neckel 
& Labs 1984) to obtain the spectral sampling. Finally, 
wavelengths were corrected for Earth’s orbital motions, 
solar rotation, and the solar gravity redshift (Martinez 
Pillet et al. 1997; Kuckein et al. 2012b), thus the linc-of- 
sight (LOS) velocities refer to an absolute scale. 

The photospheric Si I line was inverted using the Stokes 


Inversions based on Response functions code (SIR; Ruiz 
Cobo & del Toro Iniesta 1992). SIR solves the radia¬ 
tive transfer equation under the assumption of local ther¬ 
modynamical equilibrium (LTE) and hydrostatic equilib¬ 
rium. In this Letter, we focus on the inferred magnetic 
field strength and the LOS velocity patterns. 

The original spatial resolution was preserved, with a 
pixel size of 0.35 x 0.17 arcsec 2 . The inversions were car¬ 
ried out using the Harvard-Smithsonian reference atmo¬ 
sphere model (HSRA; Gingerich et al. 1971) as an initial 
guess for the atmosphere. The model atmosphere covers 
a range given as the logarithm of the LOS continuum op¬ 
tical depth r at 5000 A of 1.4 < logr < —4.0. Kuckein et 
al. (2012a) made an extensive analysis of inversion tests 
using different initial model atmospheres. The output 
atmospheres were not much dependent on the starting 
atmosphere, but an initial magnetic field strength of 500 
G seemed to be an optimum choice, since it returned the 
best fits while minimizing the number of iterations re¬ 
quired for the convergence. For this reason, we decided 
to add this value to the initial HSRA guess model. The 
stray-light profile in each map was computed averaging 
the Stokes I profiles of pixels without polarization sig¬ 
nals. No more than four nodes in depth were necessary 
for any of the free parameters to achieve good fits to the 
four Stokes profiles. 

4. RESULTS 

4.1. Intensity and polarization profiles during the flare 

The He I 10830 A triplet originates between the lower 
term 2 3 Si and the excited term 2 3 P2 .i,o of orthohelium. 
It comprises three spectral lines which are called the 
“blue” component at 10829.09 A (2 3 Si —¥ 2 3 Po), and 
the (blended) “red” component at 10830.30 A (2 3 Si —> 
2 3 Pi, 2 ). 

Photospheric temperature enhancements in flares have 
been reported by, e.g., Chornogor & Kondrashova (2008) 
and Kondrashova (2013) using spectral lines in the visi¬ 
ble. Likewise, Xu et al. (2004) detected a near-infrared 
intensity enhancement of the continuum inside an X10 
white-light flare. During our M3.2 class flare, the Hei 
Stokes I profile showed a very strong emission, the red 
component peaking at an intensity of ~ 1.86, as seen 
in Figure 1. Though Hei 10830 A emission against the 
solar disk in flares has been previously seen by several 
authors, such large values have not been reported yet. 
Previous studies showed intensity ratios to the contin¬ 
uum of ~ 1.36 for a M2.0 flare (Li et al. 2007); <1.30 in 
the decay phase of a C9.7 flare (Fig. 1; Penn & Kuhn 
1995); <1.15 during a C2.0 flare (Fig. 2; Sasso et al. 
2011). These works did not show any associated Hei 
Stokes Q, U , and V profiles. 

Figure 1 shows an illustrative example of the Stokes 
profiles that corresponds to the maximum of the flare 
(the exact position is marked by an arrow in Figure 2). 
Remarkably, the amplitude of the circular polarization 
Stokes V profile from Hei is larger than the one from 
Si I. Furthermore, since the linear polarization signals 
(Stokes Q and U) in Si I are also very small, the mag¬ 
netic field is expected to be significantly stronger in the 
chromosphere than in the photosphere. Note that the 
amplitude of the blue component of the He I Stokes V 
profile is significantly larger than the one of the red com- 
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Figure 1. Example of the four normalized Stokes profiles recorded very close to the maximum of the flare at 8:53 UT. The exact location 
of the profiles is shown with an arrow in Figure 2. From left to right the following spectral lines are seen: Si I line, He I triplet, and two 
telluric lines. The vertical dashed lines mark the wavelength at rest of the Si I line and the He I triplet, respectively. The average quiet-Sun 
intensity spectrum is also plotted in dashed lines for comparison. 


ponent. Typically both profiles have similar amplitudes 
or even the blue component has a smaller amplitude. 
In addition, while the H-profile of the blue component 
looks normal (i.e, rather antisymmetric), that of the red 
component seems distorted, especially its red lobe. This 
might indicate that the Stokes V shown in the figure is 
a combination of at least two emission profiles. 

The observed reversal of the Stokes V profiles of He I 
with respect to Si I is due to the Hei spectral line ap¬ 
pearing in emission, whereas the Si I line appears in ab¬ 
sorption. In fact, the Sil line never goes into emission in 
our data series, although it becomes noticeably shallower 
during the flare, as demonstrated by the comparison with 
the average quiet-Sun spectrum plotted in Figure 1. This 
is the result of the heating of photospheric layers pro¬ 
duced by the flare. 

The components of the He I triplet appear redshifted 
with respect to their wavelength positions at rest (verti¬ 
cal dotted lines in Figure 1), suggesting that at the flare 
peak, the plasma is slightly moving downwards towards 
the photosphere. Two peaks in Stokes I can be distin¬ 
guished in the usually blended red component of He I, one 
of them is slightly redshifted. During the flare, many pix¬ 
els show clear linear polarization signals in both the red 
and blue components of He I 10830 A (e.g., Stokes U in 
Figure 1), which cannot be easily interpreted as Zeeman 
or scattering signatures. These anomalous polarization 
patterns will be discussed in a forthcoming paper. 

4.2. Photospheric magnetic field suppression during the 
different flare phases 

The He I emission pattern is used here as an indicator 
of the flare eruption. To study the underlying photo¬ 
sphere, we concentrate on the Sil line inversions. This 
line is sensitive to a range of various heights within the 
photosphere. However, we will focus on a layer corre¬ 
sponding to the granular height which is well represented 
by log t = -1. 

Slit-reconstructed monochromatic intensity images 
centered at the red component of the Hei line are pre¬ 


sented in the first row of Figure 2. These maps just 
represent the part of the full scanned field of view cov¬ 
ered by the main part of the flare emission. From these 
images, it can be easily seen when the flare activates the 
Hei emission (where I > 1). The second row shows the 
photospheric magnetic field strength, as derived from the 
inversion of the Sil line. We will focus on the area in¬ 
side the box which corresponds to the flare maximum, 
as indicated by the He I emission. In the first column, 
i.e., before the flare started, the photospheric magnetic 
field inside the box shows a patchy pattern of strong 
fields. However, during the flare (second column), the 
field strength globally decreased being even absent in 
some areas. Interestingly, in the post-flare panel (third 
column), the magnetic field has partially recovered its 
strength and pattern. Hence, there is clear evidence that 
the photospheric magnetic field changes during the flare 
and afterwards tries to recover its initial configuration. 
A further inspection of the Stokes profiles reveals that 
the larger magnetic field strength in the pre- and post- 
flare maps is mainly due to the larger amplitude of the 
Stokes V profiles. The second map after the flare (fourth 
column) shows that the magnetic field is again losing 
strength and its pattern looks more like the one which 
corresponded to the flare. These fluctuations may indi¬ 
cate that the magnetic field may be undergoing temporal 
variations with a long relaxation time of hours. 

As for the Doppler velocities presented in the last row 
of Figure 2, a granular pattern, i.e., a mix of up and 
downflows is seen in the pre-flare panel. In response to 
the flare, the second panel shows a large area of upflows. 
Hence, photospheric material is predominantly pushed 
upwards where the flare occurs. The first post-flare panel 
still shows mainly upflows but a granular pattern is al¬ 
ready distinguishable. In the last panel the granulation 
pattern is re-established. 

5. DISCUSSION 

We have shown a very remarkable and unusual data set 
including pre-, flare, and post-flare slit scans in the in- 
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Figure 2. The isolated upper lefthand frame shows a continuum slit-reconstructed image of the first map (pre-flare). Next, from top to 
bottom: He I monochromatic red-component slit-reconstructed images saturated at an intensity of / = 1 (line emission); total photospheric 
magnetic field strength B (in Gauss) and LOS Doppler velocities inferred from the Sil inversions (clipped between ±2 kms -1 ). From left to 
right: the pre-flare, flare, and two post-flare phases are shown with the scanning times at the top. The boxes outline the region-of-interest 
where the flare is seen, as traced by the Hei emission seen in the 8:51-9:05 UT panel. The arrow marks the position of the Stokes profiles 
shown in Figure 1. 


Table 1 

Mean Doppler velocities (v) and mass flux (pv), at the layer of 
logr = — 1, inside the box of Figure 2. 


Time 
(h:m UT) 

Phase 

{v) 

(kms 1 ) 

{pv) 

(g cm 2 s 1 ) 

7:49-8:03 

pre-flare 

-0.16 ±0.02 

-2.2 x 10~ 3 

8:51-9:05 

flare 

±0.11 ±0.01 

±1.5 x 10 -3 

9:22-9:36 

post-flare 

±0.07 ±0.01 

±1.1 x 10 -3 

9:53-10:08 

post-flare 

-0.08 ±0.01 

-1.0 x 10“ 3 


Note. — There are 5368 pixels in each box. Negative (positive) 
values for downflows (upflows) along the LOS. 

frared He I 10830 A spectral region of an M3.2 class flare 
with the spectropolarimeter TIP-II. Our observations re¬ 
veal complex Stokes Q, U, and V profiles of the chromo¬ 
spheric He I 10830 triplet during the flare. Furthermore, 
unprecedented large intensity ratios to the continuum of 
the He I red component where shown (J ~ 1.86). How¬ 
ever, the He I emission is not associated with the whole 
area covered by the flare, as already detected by previous 
studies (Du & Li 2008). From the Sil inversions we have 
inferred the magnetic fields and the LOS velocities in 
the photosphere for the pre-, flare, and post-flare phases. 


There are roughly 30 minutes between the flare and the 
post-flare observations. As seen in the color scale in Fig¬ 
ure 2, the magnetic field goes through changes of up to 
1500 G in 30 minutes. These changes mainly happen in 
the box outlined in Figure 2, which lies between the up¬ 
per two pores and the lower PIL. The maximum of the 
flare is neither located at the sunspot nor at the PIL of 
the active region. In our data sets, it was found that 90 
minutes seemed to be an upper limit for the time needed 
by the magnetic field strength to recover most of its pre¬ 
flare pattern and strength. However, the variations of 
the magnetic field are not permanent. There is a strong 
decrease during the flare, with areas where the magnetic 
field was present before the flare but is completely absent 
during the evolution of this phenomenon. 

Table 1 shows some parameters inferred from the pho¬ 
tospheric inversions in the flaring part of the region 
(represented by the box of Figure 2), at the layer at 
log r = — 1. Before the flare occurs, a downflow of around 
160 ms' 1 is present in the average granular velocity. 
During the flare and immediately after it, the granular 
pattern appears very distorted and barely perceptible, 
with an average upflow of some 100 ms -1 . Later, in 
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Figure 3. Stratification with logarithm of the optical depth 
(logr) of the average evaporation rate (pv) in the flaring region 
indicated by the rectangular box of the second column in Figure 2. 


the last map, the granulation pattern is almost recovered 
with an average downflow slightly below 100 ms -1 . This 
evolution is compatible with a scenario where, once the 
flare has started, the deep photospheric material heats 
up and evaporates at a rate of ~ 10 -3 gcm~ 2 s _1 . 

Figure 3 shows the average dependence with depth of 
the evaporation rate of the photosphere in the flaring 
region. From this stratification, the density change in 
the chromosphere can be estimated from the continuity 
equation: 


dp _ d(pv) 

dt dz ’ [ ’ 

where we have assumed that the material motion is es¬ 
sentially vertical and the measured LOS velocity, v, does 
not differ significantly from the true vertical velocity. In¬ 
tegrating equation (1) in height from the temperature 
minimum (z m in) up to the top of the atmosphere (z max ), 
one gets 

da 

-fo = ( 2 ) 

where a = J Zmax pd z j s the column mass density of the 
chromosphere. Further assuming that the rate of change 
of the density is constant during the flare and that no 
mass escapes away ({pv) Ztnax = 0), then the time interval 
required to produce a change Act in the column density 
is 


At 


Act 

(H-w 


(3) 


We can evaluate (pv) ZtniB as the mass flux at the top of 
our photospheric inversions (i.e., ~ 10 -4 gcm _2 s , see 
Figure 3). For the aforementioned HSR A model atmo¬ 
sphere, the chromospheric column density (i.e, integrat¬ 
ing the density from the temperature minimum up to 
~max = 1850 km) is a ~ 0.042 gem -2 . Therefore, ac¬ 
cording to equation (3), the chromospheric density may 
increase by a factor of two (Act = ct) in At ~ 400 sec¬ 
onds. 


One hour after the flare, matter condenses again down 
to the photosphere. The magnetic field maps indicate 
that while the flare is taking place, most of the pho¬ 
tospheric magnetic field is below detectable limits. One 
may speculate that the heating process has caused an in¬ 
crease of the gas pressure, thus producing an expansion of 
the magnetic structures and reducing their field strength. 
As the material evaporates, the gas pressure decreases 
gradually and the magnetic field tends to concentrate 
again trying to recover its original strength. However, 
the mass downflow observed during the last map may 
tend to increase again the gas pressure, leading again to 
an expansion of the magnetic field lines. This specula¬ 
tive scenario may explain at the same time the observed 
variations of the magnetic field strength and velocities 
during the pre-, flare, and post-flare phases. 
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